Abstract: A three-dimensional continuum model of vocal fold posturing was developed to investigate laryngeal muscular control of vocal fold geometry, stiffness, and tension, which are difficult to measure in live humans or in vivo models. This model was able to qualitatively reproduce in vivo experimental observations of laryngeal control of vocal fold posturing, despite the many simplifications which are necessary due to the lack of accurate data of laryngeal geometry and material properties. The results present a first comprehensive study of the co-variations between glottal width, vocal fold length, stiffness, tension at different conditions of individual, and combined laryngeal muscle activation.
Introduction
Voice control is primarily achieved through intrinsic laryngeal muscle activation, which postures the vocal folds into desired geometry, stiffness, and tension conditions. Understanding this vocal fold posturing process is important for understanding voice control and the development of computational models of phonation. Clinically, such an understanding is essential for phonosurgery, the goal of which is to restore normal vocal fold posturing. Although the effects of intrinsic laryngeal muscle activation on vocal fold geometry have been investigated in experiment, [1] [2] [3] [4] these studies were limited to an endoscopic superior view, and unable to provide information on the three-dimensional (3D) deformation of the vocal folds. More importantly, due to the lack of reliable in vivo measurement techniques, the stiffness and tension within the vocal folds were often not measured in these experimental studies. As a result, the effects of laryngeal muscle activation on vocal fold stiffness and tension, which play an important role in determining the resulting voice production, 5 still remain unclear and speculative. 6 Due to these experimental limitations, numerical models have been developed and used to investigate the physics of vocal fold posturing. 5, [7] [8] [9] [10] In particular, models based on continuum mechanics 5, 8, 9 allow physically-based, instead of rule-based, calculation of vocal fold deformation under laryngeal muscle activation, and thus have the potential to provide insight into the muscular control of the 3D deformation, stiffness, and tension within the vocal folds. Due to the complexity of the physics involved in laryngeal muscle activation and the lack of accurate data on the geometry and material properties of the vocal folds, laryngeal muscles, and laryngeal cartilages, simplifications were often made in these models to make the problem tractable. Thus, one may question that with the many simplifications, whether these continuum models are still able to at least qualitatively reproduce the realistic vocal fold posturing and provide useful insight into our understanding of vocal fold posturing. Indeed, model validation by comparison to experiment is seldom attempted in previous studies.
This paper presents a comprehensive numerical model of vocal fold posturing, including all intrinsic laryngeal muscles [the thyroarytenoid (TA), cricothyroid (CT), lateral cricoarytenoid (LCA), interarytenoid (IA), and the posterior cricoarytenoid (PCA) muscles], and three relevant cartilages (thyroid, cricoid, and arytenoid). The goal was to investigate (1) whether the model is able to qualitatively reproduce observations from in vivo larynx experiments, and (2) the co-variations of the glottal gap, vocal fold length, stiffness, tension, and eigenfrequencies at different conditions of individual and combined laryngeal muscle activation.
Numerical model

Geometry and boundary conditions
The geometry of cricoid and arytenoid cartilages was obtained from the magnetic resonance images of human laryngeal cartilages by Selbie et al., 11 which was converted into a computer solid model by Hunter and Thomson, 12 while a simplified geometry was used for the thyroid cartilage [Figs. 1(B) and 1(C)]. Due to the lack of information to separate the different layers within the vocal folds, a body-cover two-layer simplified vocal fold model 13, 14 was used in this study [ Fig. 1(D) ]. Due to the lack of detailed geometric data, all laryngeal muscles except TA were simplified as cylinders with different cross section areas [Figs. 1(B) and 1(C)], and the origin and insertion points of laryngeal muscles were estimated based on experimental observation. 10 Note that the CT muscle included two bundles, the vertical part (CTv) and the oblique part (CTo). Because the transverse and oblique IA muscles have a similar effect of transversely approximating the arytenoid cartilages, 15 these two IA bundles were merged and modeled as one muscle bundle in this study. The interaction of arytenoid and the cricoid cartilages within the cricoarytenoid joint was assumed to be a "contact-sliding" interface as described by Yin and Zhang; 9 while the thyroid cartilage at the cricothyroid joint was allowed a rigid rotation motion around the z axis and a forward-backward gliding movement [ Fig. 1(B) ].
Constitutive models
Because the cartilages are much stiffer than the vocal folds and muscles and are expected to exhibit small deformations, they were simulated in this study as a nearly incompressible linear elastic material with a Young's modulus of 100 MPa and a Poisson's ratio of 0.47, similar to previous studies. [8] [9] [10] The vocal fold and laryngeal muscles were modeled as hyperelastic materials, with the corresponding strain energy density function (SEDF) consisting of both a passive (W Passive ) and an active (W active ) component. 9 The cover layer of the vocal fold has only a passive component, which is described by the nearly incompressible Yeoh model as
where I 1 is the modified first invariant, J is the volume ratio between the deformed and undeformed geometry, and j is the initial bulk modulus. The material constants of the Yeoh model were determined by fitting the uniaxial stretch-stress data obtained from human vocal folds so that c 1 ¼ 1.23 Â 10 3 Pa, c 2 ¼ 6.51 Â 10 3 Pa, c 3 ¼ 3.07 Â 10 4 Pa, and j ¼ 3 Â 10 6 Pa. 16 The active component of SEDF was formulated similarly as in our previous work 
where a is the muscle activation level varying from 0 (at rest) to 1 (maximum activation), r max is the maximum active stress value, k is the stretch along the muscle fiber direction, and k ofl ¼ 1.4 is the optimal stretch of muscle fiber at which r TA . The numerical model was developed using the commercial software COMSOL. For each muscle condition, a static simulation was used to determine vocal fold deformation, from which an estimation of vocal fold stiffness along the anteriorposterior (AP) direction was defined as Eq. (14) in a previous paper. 5 A pre-stressed eigenmode analysis was then performed on the deformed vocal folds to investigate how laryngeal muscle activation affects vocal fold eigenfrequencies, 5, 9 which play an important role in the glottal fluid-structure interaction. 17 
Results
Model validation
Current in vivo experiments of vocal fold posturing are often limited to a superior observation of vocal fold vibration. 2, 3 In this study, model validation was achieved by comparing the glottal configuration from a superior view (the edge of the glottis when viewed from above) predicted by our model to the experimental observations under different conditions of individual and combined laryngeal muscle activation in Chhetri et al. (2012) . 3 As shown in Fig. 2 , contraction of the TA muscle caused the vocal folds to move toward the glottal midline [ Fig. 2(B) ], particularly at the anterior portion, which led to complete glottal closure at the membranous (anterior) portion but left a gap at the posterior portion. Combined activation of the LCA and IA muscles closed the posterior portion of the glottis but left a gap in the anterior portion of the glottis [ Fig. 2(C) ]. Complete glottal closure at both the anterior and posterior portions was achieved with a combined activation of the LCA/IA/TA muscles [ Fig. 2(D) ]. The antagonistic role of the CT and TA muscles in controlling vocal fold elongation and the anterior glottal opening was also observed: CT activation elongated and slightly abducted the vocal folds [ Fig. 2(E) ] whereas the TA activation shortened and adducted the vocal folds [ Fig. 2(F) ]. The abduction effect of the CT muscle was also shown in Fig. 2(G) . The animations of sequential activations of LCA/IA/TA and LCA/IA/CT muscles are displayed in Mm. 1. In general, our numerical model was able to qualitatively reproduce these experimental observations. Mm. 1. Numerical modeling of LCA/IA/TA and LCA/IA/CT muscle activation. This is file type mp4 (1 Mb). Figure 3 Fig. 3(G) ]. Depending on the degree of vocal fold AP elongation, Fig. 3 can be divided into three regions: a vocal fold-elongating region (elongation > 0.1); a vocal foldshortening region (elongation < À0.1); and a neutral region (À0.1 < elongation < 0.1). The effect of the vertical bundle of the CT muscle seemed to have a much smaller effect on vocal fold elongation than the oblique bundle. Generally, muscle conditions leading to vocal fold shortening also led to adduction of the anterior portion of the glottis, whereas vocal fold elongation led to abduction of the anterior glottis [ Fig. 3(A) ], indicating a dominant role of the TA/CT in the control of the anterior glottal opening. Control of the posterior glottal opening was more complex, with the LCA/IA/PCA also having important influence [ Fig. 3(B) ].
Effect of laryngeal muscle activation
Because the vocal fold cover layer consisted of only passive soft tissues, AP stress in the cover layer was primarily dependent on the degree of vocal fold deformation, with positive stress (tension) at conditions of elongation and negative stress (compression) at conditions of vocal fold shortening [ Fig. 3(C) ]. The AP stiffness in the cover layer was minimum at the original undeformed state of the vocal fold, and increased with either elongation or shortening [ Fig. 3(D) ], similar to our previous observation. 5 The AP stress in the body layer was minimum when the vocal folds were not much elongated and increased with either elongation or shortening of the vocal folds. Note that the highest AP stress in the body layer was obtained when both the TA and CT muscles were activated [ Fig. 3(E) ]. A similar pattern can be observed for the AP stiffness in the body [ Fig. 3(F) ].
The first eigenfrequency of the vocal fold under different muscular activation conditions [ Fig. 3(G) ] followed a pattern similar to those of the AP stiffness [Figs. 3(D) and 3(F)], increasing with either vocal fold elongation or shortening, and was primarily determined by the interaction between the TA and CTo muscles. The effects of other muscles appear to be almost negligible. It is worth noting that the highest first eigenfrequency was obtained when the CT muscle activation was accompanied by the activation of the PCA muscle [ Fig. 3(G) ]. The largest vocal fold elongation and highest AP stress and stiffness in the cover layer were also observed under simultaneous activation of CT and PCA muscles. This is probably because the vocal folds need to be pulled from both ends in order to achieve maximum elongation.
Conclusion
This study shows that our continuum model of vocal fold posturing agreed reasonably well with observations from in vivo larynx experiments, despite the many model simplifications which are necessary due to the lack of experimental data of laryngeal geometry and material properties. Our preliminary results present a first comprehensive study of the co-variations between glottal width, vocal fold length, stiffness, tension, and eigenfrequencies at different conditions of individual and combined laryngeal muscle activation. In the future, this vocal fold posturing model will be coupled with a glottal fluid-structure interaction model so that the effect of individual and combined laryngeal muscle activation on voice production can be predicted.
